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INTRODUCTION 
Many species of microorganisms, including bacteria, 
yeasts and protozoa, are known to hydrolyze and utilize pec-
tic substances. Saprophytic microorganisms which disintegrate 
plant tissues end many plant pathogenic microbes produce 
hydrolytic pectic enzymes. Moreover, many microorganisms can 
use pectin as the. sole carbon source. The microbial utiliza­
tion of pectic substances in the rumen is of special impor­
tance as it has been demonstrated that these plant consti­
tuents often represent one of the main polysaccharides in­
gested by ruminants. Until only recently, however, little was 
known about the nature of reaction intermedistes in pectin 
metabolism beyond the hydrolytic product galacturonic scid 
which is formed by the combined action of pectinesterase end 
polygalacturonase. 
During the last five yerrs the metabolism of galacturonic 
acid in several different bacteria has been studied intensive­
ly. The pathway commonly observed consists of isomerlzation 
of galacturonic acid, an alduronic acid, to the ketouronic 
analogue. Tagaturonic acid, or 5-keto-L-galactonic acid, is 
reduced with either DPKH or TPNH to altronic acid which sub­
sequently is dehydrated to 2-keto-3-deoxy-D-gluconate. This 
intermediate Is then phosphorylated with ATP to form 2-keto-
3-deoxy-6-phosphogluconate. Cleavage of this phosphate 
occurs and the pyruvate and triose phosphate formed link the 
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pathway to the glycolytic cycle. 
Such a scheme can be extended to pectin metabolism by 
considering the first step to be the hydrolysis of the poly­
saccharide to galacturonic acid. The two enzymes Involved, 
pectinesterase and polygalacturonase, are found in various 
microorganisms including those found in the bovine rumen. 
Galacturonic acid is therefore an intermediate in this 
scheme of pectin metabolism. Initial studies by the author 
demonstrated, however, that bovine rumen bacteria utilize 
pectin much more readily than galacturonic acid. The utiliza­
tion of the polysaccharide pectin but not its constituent 
monosaccharide suggested that phosphorolysis, rather than 
hydrolysis, may be involved. It was the objective of the 
present study to elucidate the apparently new mechanism of 
pectin metabolism. 
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LITERATURE SURVEY 
Prior to IS57 the only pectic enzymes which had been 
studied intensively were the hydrolases pectinestere.se end 
polygalacturonase. Although it was known that many micro­
organisms can utilize pectin as an energy source, little was 
known about the further transformation of the hyfirolytic 
product galacturonic acid. In 1902, Sslkow.ski and Keuberg (l) 
reported the isolation of D-xylose after incubation of 
^-glucuronic acid in a. decaying mince. Furthermore, it has 
been noted in numerous plant gums and mucilages that when a 
single uronic acid and a single pentose pre simultaneously 
present the two are frequently in a homologous series ( 2) • 
These findings heve led to the hypothesis that the uronic 
acids are directly decarboxylated to their homologous pentoses 
(2, 3). Cohen (4) in 1949 demonstrated that this hypothesis 
was incorrect by showing that a strain of Escherichia coll 
adapted to galacturonic acid could not metabolize the homo­
logous pentose L-arabinose. He concluded that the metabolism 
of galacturonic acid in bacteria does not involve a direct 
decarboxylation, but did not report on the actual metabolic 
scheme. 
Mapson and Isherwood (5) in 1956 demonstrated that 
derivatives of D-galacturonlc acid are enzymatically reduced 
in pea plants to derivatives of L-galactonic acid as inter­
mediates in ascorbic acid formation. A similar reaction has 
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been found to occur In rat liver extracts (6). It was thus 
established that the primary product of galacturonic acid 
metabolism in both animals and plants is L-galactonic acid. 
Moreover, early experiments by Starr and coworkers (7) sug­
gested that the first detectable step in the catabolism of 
galacturonic acid by cell-free extracts of Erwlnla carotovora 
and Aerobacter cloacae was also a reduction of the aldehyde 
group with DPKH to yield L-galactonic acid. 
The first evidence to suggest that bacterial metabolism 
of galacturonic acid may proceed by a different scheme was 
provided by Sud a and '.vatanabe (8). They reported that ex­
tracts of Escherichia coli can convert galacturonic acid to 
5-keto-L-galactonic acid, or tagaturonic acid. This was the 
first time that tagaturonic acid was found to be a biochem­
ically active intermediate. 
That the initial step in the cetabolism of galacturonic 
acid by bacteria is an isomerization became clear from the 
independent work of several groups (9, 10, 11, 12). Moreover, 
Kilgore and Starr (13) corrected their original suggestion 
that the metabolism involves a direct reduction to L-galac­
tonic acid. Thus, it was established by 1958 that the initial 
step in galacturonic acid degradation is the isomerization to 
tagaturonic acid. The isomera.se has been purified and studied 
in detail (14). 
Ashwell and coworkers (9, 10) were the first to identify 
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D-altronlc acid as the reduction product of tegaturonlc acid 
in extracts of Escherichia coll. Kilgore and Starr (15, 16) 
independently confirmed the identification of D-altronlc acid. 
The enzyme D-altronlc acid dehydrogenase has been highly 
purified and found to be completely inactive when TPNH was 
substituted for DPNH (17). 
The subsequent steps in the catabolism of altronic acid 
have been identified by Ashwell and coworkers (10, 18) end 
confirmed by Kilgore and Starr (16). It was shown that 
altronic acid undergoes a dehydration reaction with the 
formation of £-keto-3-deoxy-D-gluconate. The enzyme D-altronic 
acid dehydrese has been isolated in partially purified form 
and its properties studied (IS). 
Identification of 2-keto-3-deoxygluconate as an inter­
mediate in the metabolism of galacturonic acid by bacteria 
was further evidence that the formation of 2-keto-5-deoxy 
sugar acids represents a general metabolic scheme in bacterial 
utilization of carbohydrates. Following the original dis­
covery by Doudoroff and MacGee (20) In 1954 that 2-keto-3-
deoxy-phospho-gluconic acid is an intermediate In glucose 
metabolism by Pseudomonas saccharophlla. the metabolism of 
such diverse carbohydrates as galactose (21), D-arabinose 
(22), L-arablnose (23), D-glucosaminlc acid (24), D-rlbose-
5-phosphate (25), D-arabinose-5-phosphate (26), and now 
uronic acids, have been found to proceed through 2-keto-3-
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deoxy sugar acid Intermediates. 
Common to all of the above examples is the formation of 
the 2-keto-3-deoxy sugar acid intermediates by the action of 
dehydrases on monosaccharides or their phosphates. More re­
cently it has been found that these intermediates can arise 
directly from polysaccharides through the primary formation 
of unsaturated oligosaccharides. Linker end coworkers (27, 
28) were the first to identify such a scheme. They isolated 
an unsaturated dlsaccheride resulting from the enzymatic 
catabolism of mucopolysaccharides. The ai saccharide, which 
was identified as oelng composed of a A -4,5-uronide end 
K-acetylhexosamine, was shown to be enzymatically hydrolyzed 
to 4-deoxy-5-keto-glucuronic ecid (29). Further metabolism 
of this intermediate has not been reported. 
An analogous bacterial degradation of alglnic acid has 
been found to result in the formation of a 4-deoxy-5-keto-
uronic acid which is the 2-epimer of the Intermediate isolated 
by Linker and coworkers (30). As in the case of mucopoly­
saccharide metabolism, the reaction proceeded through a series 
of oligosaccharides containing an unsaturated uronic acid 
residue on the non-reducing end. The unsaturated oligosac­
charides were further cleaved to the 4-deoxy-5-keto-uronic 
acid, which was reduced by TPNH to 2-keto-3-deoxygluconate, 
linking this scheme to the metabolic pathway for uronic acids 
in bacteria as previously described (31). 
7 
Albersheim and coworkers (32) were the first to isolate 
a pectic enzyme which catalyzed the degradation of pectin 
with formation of long-chain oligogalacturonides containing 
double bonds between the C-4 and C-5 position of the terminal 
galacturonic acid residue. The enzyme, which was of fungal 
origin, attacked only the methyl ester of polygalacturonic 
acid. A procedure for the purification of this enzyme and 
some of its properties has been described (33). 
An enzyme isolated from the culture fluid of the fungus 
Aspergillus fonsecaeus was found to be very similar to that 
described by Albersheim (34). The enzyme was separated from 
a polygalacturonase which was also present in the fluid. This 
enzyme also was specific for esterifled polygalacturonic acid. 
Pectic enzymes which catalyze the formation of unsatu­
rated oligogalacturonides have been found In several bacteria. 
Nagel and Vaughn (35, 36) isolated an enzyme from Bacillus 
nolymyxa which catalyzed a random degradation of polygalac-
turonic acid to a mixture of galacturonic acid, a small amount 
of dl-galacturonic acid, and a large amount of an altered 
di-galacturonic acid. The structure of the modified dimer 
has been determined to be 4-0-o<-D-(4,5-dehydrogalacturonosyl)-
D-galacturonic acid (37). Further metabolism of this inter­
mediate has not been reported. 
Culture filtrates of pectin-grown Erwlnla carotovora and 
Bacillus polymyxa have been found to contain enzymes which 
8 
are similar to the fungal enzymes (38). Such enzymes have . 
been demonstrated to be present in higher plants as well (33). 
It is therefore becoming apparent that these enzymes are of 
widespread occurrence. Moreover, the formation of unsaturated 
oligouronides, and subsequently 2-keto-3-deoxy sugar acids, 
may represent a general scheme of the metabolism of poly­
saccharides containing uronic acids. 
An important instance of microbial degradation of pectic 
substances which has not been extensively studied thus fsr 
is that within the rumen. It has been recently established 
that rumen protozoa possess both pectinestereses end poly­
galacturonases (38, 40). The surprising discovery was made 
that the protozoa can hydrolyze pectin but cannot further 
metabolize the hydrolysis products (40). However, it is 
known that pectin is completely metabolized by rumen micro­
organisms (41, 42). These results suggest that bacteria may 
play an important role in pectin metabolism within the rumen, 
but the mode of their action on pectin has not been reported. 
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MATERIALS AND METHODS 
Chromatographic Techniques 
All paper chromatography was done on Whatman 3mm paper 
using the descending technique. A Research Specialties Co. 
Model A125 Chromatocab which accommodated entire 18x22 inch 
sheets was usually used In a room maintained at approximately 
30° C. 
A special technique was devised to facilitate handling of 
the large sheets. In this method, 1-inch slits were cut per­
pendicular to, and 1/2 inch from, the edge of the sheet that 
was to be immersed In the solvent. A 7 mm glass rod was 
passed through the slits in such a manner that the paper was 
alternately below and above the rod. This technique served 
not only to provide for easier handling of large, wet sheets 
but also to hold the sheets in a fixed position during devel­
opment. 
The most commonly used solvent systems were: 
I. ethyl acetate - acetic acid - water (10:5:6) (43), 
II. ethyl acetate - acetic acid - water (3:3:1) (44), 
III. butanol - acetic acid - water (3:1:1) (5), 
IV. butanol - water - ethanol (5:4:1) (5), and 
V. ethyl acetate - water - acetic acid - pyridine 
(5:3:1:5) (45). 
A solvent which effected a good separation of the longer 
oligogalacturonides was ethyl acetate - acetic acid - water 
(10:5:9) ( solvent VI), a modification of solvent I. 
Acidic carbohydrates were detected on chromatograms with 
a mixed-indicator dip, consisting of 50 mg thymol blue, 250 mg 
methyl red, and 600 mg brornothymol blue in 1 liter of 95$ 
ethanol (46). The pH of the solution was adjusted by addition 
of N sodium hydroxide to a blue-green color. The chromato-
grams were thoroughly dried at room temperature and usually 
autoclaved to remove traces of volatile acids before dipping 
in the indicator solution. It was often necessary to dry and 
re-dip the sheets several times to obtain a permanent green 
background. The colors could be preserved indefinitely by 
storing the sheets over solid sodium hydroxide in a large 
desiccator. 
Reducing sugars were detected with the silver nitrate 
dip (47). One ml of saturated aqueous silver nitrate was 
added to 200 ml of acetone, and by aropwise addition of water 
the precipitated silver nitrate was redissolved. The dried 
chromatogram was dipped in this solvent and allowed to dry at 
room temperature for 10 minutes. The sheet was then dipped 
in 0.5N NaOH in 95/2 ethanol. After the spots appeared the 
sheet was dipped in 10$ aqueous sodium thiosulfate and washed 
with water. 
The diphenylamlne dip (48) was found to be useful in 
detecting carbohydrates in general. It consisted of five 
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volumes 2% diphenylamine In acetone, five volumes Z% aniline 
in acetone and one volume of 85>S phosphoric acid. The chroma-
togram was dipped in a freshly prepared solution and following 
thorough drying at room temperature was heated in a 70°G oven 
for about 15 minutes. 
The thiobarbituric acid spray (49) was used to detect 
2-keto-3-deoxy sugar acids. The paper was first sprayed with 
0.1M period&te in 0.125N H^SO^. After 20 minutes at room 
temperature, the paper was sprayed with 10# arsenite in 0.5N 
hydrochloric acid. This spray was repeated until further 
application did not produce iodine. The paper was allowed to 
dry and sprayed with 0.6% thiobarbituric acid (pH 2.0) and 
dried at 95°C for 5 minutes. Washing the sheet with water 
removed most of the yellow background. The red spots obtained 
were quite permanent. 
Quantitative paper chromatography for uronic acids was 
performed in the following manner. Samples were spotted on a 
sheet with the use of a micropipet. After the chromatogram 
was developed, it was dried, autoclaved, and then dipped in a 
0.015^ solution of bromphenol blue in 95/6 ethanol (50). The 
acids were revealed as yellow spots on a blue background. 
The spots were then cut out and eluted with water. An aliquot 
of each solution was analyzed for uronic acids by the carba-
zole method. 
Application of column chromatography with anion exchange 
resin (Dowex 1-X8, 50-100 mesh) was made for isolation of 
short-chain oligogalacturonides and acidic metabolic inter­
mediates. Resin columns were formed in various sized tubes 
which were sealed to coarse sintered glass plates and fitted 
with stop-cocks. The resin bed was usually washed with IN 
aqueous sodium formate and then thoroughly with water before 
applying the solutions of anions. The absorbed compounds were 
eluted at the rate of 3 ml per minute with formic acid of con­
centration dependent on the compound being eluted. Fractions 
were collected with a. model c30 Research Equipment and Service 
fraction collector and appropriate fractions were combined. 
Following concentration of the solutions to low volumes, 
formic acid was removed by extraction with several volumes of 
ether and by lyophilization. 
Preparation of Bacteria 
Washed suspensions of rumen bacteria were prepared by the 
method of Halliwell (51). Rumen Ingesta obtained from fistu-
lated animals was squeezed through several layers of cheese­
cloth. The fluid was centrifuged at low speed to remove feed 
particles and large protozoa. The supernatant then was centri 
fuged at 13,500xg for 30 minutes at about 3°C. After pouring 
off the clear supernatant the bacterial layer was resuspended 
in 0.16M NaCl containing 0.02$ NagS (pH 6.9) and recentrl-
fuged. This washing process was repeated three times and the 
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bacteria were stored at 3°C. 
The utilization of various substrates by both the bac­
teria in the strained ingests and the washed suspensions of 
bacteria was determined in the following manner. The samples 
containing bacteria were diluted with one volume of a bicar­
bonate buffer containing salts as described by Halliwell (51); 
100 ml 0.20M NaHCOg 
4 ml 0.154M KC1 
1 ml 0.154K KH£P04 
1 ml 0.154K MgS04 
5 ml 0.154% (MH4)2HP04 
3 ml 0.11K CaClg 
The pH of the solution was adjusted to 6.8 by passage of COg 
through it. Five ml of 1% substrate (pH 6.8) were added to 
20 ml of diluted bacteria and the samples were incubated 
anaerobically at 39°C. Aliquots were withdrawn after various 
periods of incubation, added to two volumes of Q5% ethanol to 
halt bacterial action, and assayed for residual uronic acids. 
Bacteria were enriched in a medium consisting of the 
above assay medium containing 20# autoclaved rumen fluid 
supernatant. An eight-fold concentration of washed suspen­
sions of bacteria were added to this medium containing about 
pectin and incubated anaerobically at 39°C until pectin 
utilization was complete. 
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Preparation of Cell-free Extracts 
Washed bacterial cells were disintegrated with either 
sonic vibration for 7 minutes in a 10-kc Raytheon oscillator 
or high pressure in an American Instrument Co. French pressure 
cell. The broken cell suspension was centrifuged at 25,000xg 
for 1 hour and the debris discarded. 
The extract obtained usually was yellow in color. A 
partial purification of the enzymes was made by precipitation 
with one volume of chilled acetone, with caution not to allow 
the temperature to exceed 0°C. The process yielded a very 
nearly colorless enzyme solution without any loss of activity. 
The enzymes could be stored by either freezing or lyophilizlng 
the solutions. The latter method yielded preparations which 
could be stored at -20° C for at least several months without 
loss in activity. 
Preparation of Substrates and Reference Materials 
Altronic acid 
The calcium salt of altronic acid was prepared from D-
ribose by the cyanohydrin synthesis according to the method of 
Pratt and Rlchtmyer (52) and was determined by chromatography. 
Tagaturonic acid 
The crystalline calcium salt of tagaturonic acid was 
prepared from galacturonic acid according to the method of 
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Ehrlick and Guttman (53). The calcium salt was converted to 
the free acid by treatment with Dow ex- 50 (H*1) and crystallized 
from ethanol; melting point, 108°C. 
Methyl- oÉ-D-galacturonlde 
Galacturonic acid was esterified with methanolic hydrogen 
chloride at 0°C (54); melting point, 107°C. 
L-Galactonic acid 
This acid was prepared by the borohydride reduction of 
D-galacturonic acid (55); melting point, 97°C. 
oC-D-Galacturonlc acid- 1-ph o s ph at e 
e<-D-Galac to s e-l-pho sphate was prepared from galactose 
according to the procedure outlined by Hansen and coworkers 
(56) and oxidzed to galacturonic acid-l-phosphate with oxygen 
in the presence of Adams platinum oxide catalyst (57) as 
described by Marsh (58) and was determined by chromatography. 
Oligogalacturonides 
Fifty grams of pectin were dissolved in 3 liters of hot 
water and, after cooling, 2 gm of pectinase (Nutritional Bio-
chemicals Corp.) were added. The solution was incubated at 
room temperature for approximately 1 hour, after which time 
the viscosity of the solution approached that of water. The 
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pectlnase was inactivated by boiling briefly. 
An alfalfa extract prepared by blending 75 gm of alfalfa 
herbage in 150 ml of 5% saline was then added to the cooled 
solution. This extract served as a source of pectinesterase. 
The solution was incubated for £4 hours, during which time the 
pH was maintained at 6.5 by addition of N NaOH. The solution 
was boiled and decolorized with charcoal. 
The oligogalacturonides were freed of cations with Dowex-
50 (If1-) and fractionated by addition of two volumes of ethanol. 
Chromatographic examination showed that the alcohol-soluble 
fraction consisted of penta- and shorter oligogalacturonides 
while the Insoluble fraction consisted of longer analogues. 
Chromatographically pure di-, tri-, tetra-, and penta-
galacturonic acids were prepared by chromatography on Dowex-1 
(formate) (59). All of these acids were eluted with 4 liters 
of linear gradient 0 to 2N formic acid. 
Microgram samples of hexa- to unideca-galacturonic acids 
were prepared by paper chromatography. 
Assay for Uronic Acids 
The colorimetrie method employing carbazole for uronic 
acids (60) as modified by Rouse and Atkins (61) was used. One 
ml allquots of solutions being assayed were placed into large 
test tubes (25x200 mm) and 0.5 ml of 0.1# alcoholic carbazole 
was added to each. Six ml of concentrated sulfuric acid was 
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added with constant agitation. The samples were Immediately 
placed in a water bath at 85°C and heated for 5 minutes. 
After cooling for 15 minutes, the percent transmittance at 
525 m/t was read in a Coleman Model 6A spectrophotometer. A 
linear relationship between log percent transmittance and 
anhydrogalacturonic acid (AGA) concentration from 0 to 40 
/lg/ml was obtained. 
Assay for 2-Keto-3-deoxyaldonic Acids 
The thiobarbiturlc acid method is based on the formation 
of ft -formylpyruvic acid when the 2-keto-3-deoxyaldonlc acid 
is subjected to periodate oxidation. The method according to 
the modification of Weissbach and Hurwitz (62) was used as 
follows. Up to 0.2 ml of sample was added to 0.5 ml of 0.025N 
periodate in 0.125N sulfuric acid. After 20 minutes at room 
temperature 1.0 ml of 2# sodium arsenite in 0.5N hydrochloric 
acid was added and the solution allowed to stand for 2 min­
utes. Two ml of 0.3# aqueous thiobarbiturlc acid (pH 2.0) 
were added and the solution heated at 100°C for 10 minutes. 
The samples were diluted with 5 ml of water before determin­
ing the optical density at 549 mft In a Coleman Model 6A 
spectrophotometer. An optical density of 0.35 was found to 
be equivalent to 0.05 /imole of f3 -formylpyruvate by assaying 
a sample of 2-keto-3-deoxy gluconate solution of known concen­
tration. 
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RESULTS AND DISCUSSION 
Chromatography of Oligogalacturonides 
Solvent I was the best of a number of solvents for sep­
arating oligogalecturonides by paper chromatography. High Rf 
values of the oligogalacturonides and a relatively high rete 
of solvent movement were the desirable characteristics of this 
solvent. Increasing the proportion of water in the solvent 
affected the migration of the oligogalacturonides in two ways. 
The Rf velues of all the acids increased but the increase was 
greatest for the longer oligogalacturonides. The spots thus 
were not only shifted farther but also compressed by increas­
ing the water in the solvent. A modification of solvent I, 
(10:5:9, solvent VI) was used to separate the oligogalac­
turonides of higher degree of polymerization. 
Multiple development technique was employed to separate 
oligogalacturonides with degree of polymerization as high as 
twelve (Figure l). This chromatogram was developed for a 
total of 65 hours with individual developments of approxi­
mately IB hours, and dipped in the mixed-indicator solution 
to reveal the positions of the acids. The Rf values of the 
acids decreased rapidly as the degree of polymerization in­
creased (Figure 2) making separation of longer oligogalac­
turonides difficult. However, by developing a chromatogram 
for 16 days, oligogalacturonides with degree of polymerization 
Figure 1. A paper chromatogram of oligogalacturonides 
developed in solvent VI and dipped in a mixed-
indicator solution; the uppermost set of spots 
is represented by galacturonic acid 
i 
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Figure £. Effect of the degree of polymerization on the 
migration of oligogalacturonides on paper 
chromatograms developed in solvent VI 
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as high as 13 could be separated. 
French and Wild (63) obtained a straight-line relation­
ship when the number of glucose residues in several series of 
oligosaccharides was plotted against a function oO defined 
as: 
Only relatively short oligosaccharides were examined, however, 
and the relationships were not perfectly linear- When s sim­
ilar plot was made for the data shown in Figure 2, the curve 
deviated from a straight line for both short and long oligo-
galacturonides. A linear-relationship was obtained only for 
the acids with a degree of polymerization between 4 and 8. 
Plotting simply log Rqa (migration relative to galacturonic 
acid) yielded a straight line with a change in slope between 
degrees of polymerization 7 and 8 (Figure 3). This discon­
tinuity in the plot may be due to a fundamental change in 
oligogalacturonlde structure es the degree of polymerization 
exceeds 7. 
In vivo Studies 
The following experiment was conducted to determine the 
rate of utilization of pectlc substances in alfalfa following 
ingestation by fistulated bovine steers. After completion of 
a grazing period, approximately 25 gm samples of lngesta were 
withdrawn through a fistula and immediately added to 250 ml of 
acetone to terminate microbial action. Care was taken to 
Figure 3. A logarithmic plot of the Rqa1s  of 
oligogelscturonides in solvent VI 
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exclude all but the newly consumed plant materiel. Additional 
samples were taken after 1.5, 3.5 and 5 hours. 
The samples were hested to boiling in the acetone to 
extract most lipid constituents. Extraction was repeated three 
times with 60/6 ethanol to remove various plant constituents 
which may interfere in the carbazole reaction for uronic 
acids. The nearly white residues were dried and 3 gm aliquots 
were assayed for hot water-soluble end residual pectic sub­
stances (41). 
It was found that about two-thirds of the water-soluble 
pectin had been utilized before the first sample was taken 
(Figure 4). During the following 5 hours this fraction de­
creased only slowly. In contrast, the water-insoluble frac­
tion was all present in the first sample and was utilized 
slowly with time. Very similar results were obtained with 
samples from a second animal. 
The difference in rate of utilization of the two fractions 
is probably the result of a difference in the availability of 
these fractions to microbial action. As has been determined 
by Albersheim and coworkers (64), the water-soluble fraction 
is highly esterified pectin of the middle lamella while the 
residual fraction is pectin of the cell well esterified to a 
lesser degree. Therefore, the water-soluble pectin should be 
readily available to microbial degradation, whereas the water-
insoluble fraction becomes available only after extensive 
Figure 4. The utilization of pectlc eubstencee in alfalfa 
within the rumen 
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maceration of the plant material. 
In vitro Studies 
Strained rumen fluid 
An extensive study was made on the utilization of pectin 
by the microorganisms in strained rumen fluid. The rate of 
utilization varied diurnally, from day to day and between 
animals (Figure 5). The decrease in microbial activity fol­
lowing grazing can be attributed, at least in part, to their 
dilution and the increase between grazings to their enrich­
ment. Animal A possessed higher activity than animal H not 
only during this two-day period but consistently durine- the 
Bummer. 
The role of bacteria In pectin 
utilization within the rumen 
A strained rumen fluid sample was placed in a conical 
sépara to ry funnel and set in a water bath at -39° G. After 
about one hour the sample separated into three fractions. 
The feed particles formed a layer on the top and the protozoa 
settled to the bottom, leaving a major portion of the sample 
as an intermediate layer, free of large particles. The pro­
tozoa and clear fractions were drawn off and their activity 
compared (Figure 6). The protozoa-rich fraction utilized 
pectin only slightly more rapidly than the clear fraction 
Figure 5. The utilization of pectin by rumen fluid from two 
different animals 
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Figure 6. The effect of protozoa on the utilization of 
pectin by rumen bacteria 
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which contained very few protozoa as determined by microscopic 
examination. These two fractions, while differing greatly In 
protozoa content, were probably similar in bacteria content. 
The results obtained are good evidence that bacteria play a 
major role in the utilization of pectlc substances within the 
rumen. 
The clear fraction was further examined for extracellular 
pectlc enzymes. An aliquot was frozen briefly and then incu­
bated with pectin. No net loss of galacturonic acid was 
observed, but 60;» ethanol-insoluble pectin decreased with time 
while the soluble oligogalacturonldes increased. These find­
ings demonstrate the presence of a cellular polygalacturonase. 
Conclusive evidence for the presence of an extracellular poly-
TV 
galacturonase was obtained by removing all microorganisms from 
the fluid by centrifugation at 14,000xg for 1 hour. The re­
sulting supernatant only hydrolyzed pectin while the resus-
pended bacteria utilized It. 
Studies by Abou Akkada and Howard (40) showed that both 
bacteria and .protozoa are concerned in pectin decomposition 
within the rumen. They made the surprising discovery, how­
ever, that although Isotricha possesses pectlc enzymes, it 
appears to lack almost all capacity to ferment or utilize the 
products of hydrolysis. The ease with which the pectlc enzymes 
diffuse out of the protozoal cells was demonstrated by incu­
bating isotrichs in buffer. When the protozoa were removed, 
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the fluid was shown to be as active in the hydrolysis of pec­
tin as a suspension of living protozoa. 
These results sre in agreement with those obtained by 
the author. The slightly more rapid utilization of pectin by 
bacteria in the presence of protozoa mey be due to a protozoal 
hydrolysis of pectin to oligogalacturonides which are then 
metabolized by the bacteria. The extracellular polygalac- . 
turonase found In rumen fluid may be of protozoal origin. 
Studies with Washed Bacteria 
Effect of the washing process 
About one-half of the pectin-utilizing activity was lost 
when washed suspensions of bacteria were prepared from rumen 
fluid. It is possible that some bacteria were lost during the 
washing process. However, the removal of extracellular pectlc 
enzymes Is probably the prime reason for the decreased activ­
ity. This was substantiated by the observation that washed 
bacteria could be resuspended in centrlfuged rumen fluid with­
out loss of the original activity. Washed suspensions of bac­
teria could be stored at 3°C in saline containing Ka.gS for 
about a week without further loss of activity. 
Effect of pH 
The pH dependence curve was found to have a broad maximum 
from pH 6.3 to 6.9. Pectin utilization did not occur below 
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pH 6.0 and above 7.2. 
Effect of Inhibitors 
—3 
Sodium cyanide, azide and fluoride and cysteine (10 ' M) 
did not inhibit bacterial utilization of pectin. Sodium 
arsenate ( 10""3 &) inhibited the reaction 75%. 
Effect of shaking 
Shaking incubated samples decreased the r.?te of pectin 
utilization of not only washed bacteria but also bacteria in 
rumen fluid. The decrease appeared to be related to the shak­
ing frequency. Shaking samples In a Dubnoff Metabolic Shaking 
Incubator (Precision Scientific Co.) at half-maximal speed 
decreased the rate of utilization about 70$. These results 
are in accord with those obtained by Halliwell (51) who ob­
served that shaking decreased the metabolism of rumen cell-
ulytic bacteria. 
Effect of fermentation vessel and oectin concentration 
A washed suspension of bacteria was incubated with three 
different concentrations of pectin in three sets of test tubes 
of different diameter. The pectin utilized after one hour of 
incubation is given in Table 1. The rate of pectin utiliza­
tion increased with increasing pectin concentration, but wee 
independent of the vessel diameter. 
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Table 1. Quantity of pectin utilized after one hour of 
Incubation of bacteria in different vessels and 
initial pectin concentration 
Tube Initial concentration of pectin (mg/ml) 
diameter 0.6 mg 1.2 mg 2.4 mg 
1.0 cm 0.44 0.56 0.90 
2.0 0.44 0.64 0.90 
3.0 0.44 0.60 0.80 
Effect of substrate 
Initial studies with bacteria In rumen fluid showed that 
while pectin was utilized by most samples, galacturonic acid 
usually was not utilized until after several hours of incuba­
tion. Thus, the utilization of galacturonic acid appeared to 
be an induced process. Similar results were consequently 
obtained with washed suspensions of bacteria (Figure 7). The 
polysaccharide pectin was utilized most readily and the short-
chained ollgogalacturonides somewhat less rapidly. Galactur­
onic acid was not utilized during the first 6 hours. 
These studies with resting cells clearly demonstrated 
that a galacturonic acid intermediate Is not Involved in the 
pathway of pectin metabolism in rumen bacteria. Direct util­
ization of disaccharicles and polysaccharides by microorganisms 
has been observed in a number of cases (65). Certain bacteria 
in the rumen are known to utilize starch and maltose but not 
Figure 7. Effect of the degree of polymerizstion of 
substrates on their utilization by bacteri? 
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glucose (66), xylan but not xylose (67), and cellobiose but 
not glucose (68). In the cases that have been studied, phos­
phore lysis rather than hydrolysis was found to occur, indicat­
ing that not the monosaccharide but its phosphate was the 
metabolic intermediate. Although a similar scheme for pectin 
metabolism in rumen bacteria was supported by the specific 
poisoning by arsenate, studies with cell-free extracts were 
necessary to determine the correct pathway. 
Studies with Cell-free Extracts 
Detection of a new intermediate 
Incubation with galacturonic acid of cell-free extracts 
prepared from washed suspensions of rumen bacteria resulted in 
a very slow formation of tagaturonic acid as identified by 
paper chromatography. On the other hand, incubation with pec­
tin resulted in a hydrolysis of the polysaccharide to oligo-
galacturonides and galacturonic acid. Accompanying the 
hydrolysis was the formation of an additional product with an 
Rf slightly higher than that of galacturonic acid in solvent 
I (Figure 8). 
A similar reaction occurred with several different prep­
arations of cell-free extracts. The compound was not formed in 
the presence of boiled extracts, end only from pectlc sub­
strates possessing at least one glycosidlc bond but inde­
pendent of the degree of esterification. These findings 
Figure 8. A chromatogram showing the enzymatic degradation 
of pectin to galacturonic acid and an additional 
product 
A = unknown product 
B = galacturonic acid 
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indicate that the compound is an intermediate in the bacterial 
metabolism of pectin. The inability of the enzyme prepara­
tions to catalyze tne formation of the intermediate from 
galacturonic acid was in accord with the inability of the 
bacteria to utilize the monosaccharide. 
Isolation of the intermediate 
A large scale preparation of the unknown product was 
made. Three grams of pectin in 250 ml of 2/15 K phosphate 
buffer, pH 6.9, was incubated with 30 ml of ar. active enzyme 
preparation at 39°C for 14 hours. Two volumes of 95^ ethanol 
were added to precipitate the phosphate which was removed by 
concentration below 50°C. The solution was passed first 
through a Dowex-50 (H+) column and then a Dowex-1 (formate) 
column. The Dowex-1 column was eluted with 1.0 K formic acid. 
The e lu s. te and the solution containing neutral compounds were 
concentrated and chromatogre.phed. It was found that only the 
eluate contained the intermediate, along with a considerable 
quantity of galacturonic acid. 
In order to octain a sample of the pure intermediate, the 
above solution was streaked on eight sheets of Whatman 3mm 
paper and chromatographed in solvent III for 16 hours. Narrow 
strips were cut out and dipped in diphenylamlne-aniline solu­
tion to reveal the bands of the intermediate. The bands of 
intermediate on the chromatogram were eluted with water. 
I 
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Following the discovery that the periodate-thiobarbituric 
acid reaction could be used as an assay for the intermediate, 
the elution of the intermediate from the Dowex-1 resin was 
studied. A solution containing the intermediate and galac­
turonic acid was passed through a 2x20 cm column of the resin 
in the formate form. Elution was made with 0.25 N formic acid 
at the rate of 2 ml per minute and 25 ml fractions were col­
lected with an automatic fraction collector. Both carbazole 
and thiobarbituric acid reacting materials were determined 
in each fraction. Two well-separated peaks were obtained for 
galacturonic acid and the Intermediate (Figure 9). The frac­
tions containing the intermediate were combined and concen­
trated, extracted with ether and finally lyophllized to remove 
formic acid. The product was very hygroscopic and therefore 
was redissolved in water. A slow decomposition occurred even 
when the solution was stored at 3°G, so preservation by freez­
ing. was employed. 
Chromatographic properties of the intermediate 
The purified intermediate was chromatographed in a vari­
ety of solvents and its migration compared to galacturonic 
acid (Table 2). The relatively high Rf suggested that the 
unknown must be an unphosphorylated monosaccharide. The 
absence of phosphate was confirmed by a negative test with 
ammonium molybdate reagent (69). Co-chroma.tography with 
Figure 9. Chromatography of galaoturonic acid and the inter­
mediate on Dowex-1 (formate) 
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Table 2. Rqa values of the intermediate in various solvents 
Solvent 
I II III IV V 
Galacturonic acid 1, .00 1 .00 1.00 1 .00 1. 00 
Di-G-alacturonic acid Q, .15 0 .33 — — — o. 19 
Tagaturonic acid 1. 3* 1 .43 1.10 0 .58 — 
Unknown 1. 35 1 .40 1.70 1 .40 1. 35 
synthetic galacturonic acid-l-phosphate demonstrated that the 
unknown was not this phosphate. 
The large difference in values of the unknown and 
tagaturonic acid in at least two solvents was evidence that 
the two are not identical. These carbohydrates were further 
distinguished by use of the diphenylamine-aniline dip. Taga­
turonic acid yielded a. light-grey reaction while the unknown 
yielded a bright yellow which slowly changed to a red color. 
It was found subsequently that the change in color resulted 
from exposure of the chroma to gram to water vapor. High rela­
tive humidity was usually sufficient to effect the change, 
otherwise the sheets were placed above a hot-water bath for 
several minutes. 
Only a light reaction was obtained with the silver 
nitrate dip, indicating a weakly reducing property of the 
unknown. A dark reaction was obtained with thiobarbituric 
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acid following cleavage by periodate. The letter reaction 
provided evidence that the unknown was a deoxy carbohydrate 
( 6 2 ) .  
Reaction of the intermediate with periodate 
After discovering that the unknown reacted with thio­
barbituric acid following cleavage by periodete, an attempt 
was made to determine the cleavage products. It is known that 
malonaldehyde and -formylpyruvate react with thiobarbituric 
acid to yield chromogens absorbing at 5-52 myU- ( 70) and 549 mft 
(6&) respectively. The nature of the chromogen therefore can 
be used to distinguish these two possible products of period­
ate cleavage. The intermediate was found to be cleaved by 
periodate to a product which reacted with thiobarbituric acid 
to yield a chromogen absorbing at 549 myU- (Figure 10) . This 
established that the intermediate must be a 2-keto-3-deoxy 
sugar acid. 
The reaction with periodate was used further to deter­
mine the structures of 2-keto-3-deoxy sugar acids. It has 
been demonstrated that the rate of formation of f3-formyl-
pyruvate depends on the configuration of the hydroxyl groups 
on carbons 4 and 5 (62). If the hydroxyl groups are els, 
cleavage occurs rapidly, and if they are trans, the cleavage 
occurs slowly. However, the cleavage of the intermediate was 
essentially complete within one minute, which is much more 
Figure 10. Spectrum of the chromogen arising from the 
reaction of thiobarbituric acid with the 
periodste oxidation products of the intermediate 
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rapid than for 2-keto-3-deoxy gluconic acid (Figure 11). The 
more rapid cleavage of the unknown than of a molecule possess­
ing cis-hydroxyl groups suggested that carbon 5 of the inter­
mediate must possess a functional group other than hydroxyl. 
The other products of period?te cleavage were determined. 
'Only micro quantities, if any, of formic acid could be expected 
and no attempt was made to analyze for it. Negative results 
for formaldehyde were obtained using the sensitive chromotropic 
acid test (71). When the intermediate was first reduced with 
sodium borohydride (55) /9 - f ormylpyruvate was not formed but 
a stoichiometric recovery of formaldehyde was obtained on 
oxidation with periodate. This would oe the expected result 
if the terminal carbon of the intermediate was an aldehyde 
group. On reduction witn borohydride the aldehyde group would 
be converted to a primary alcohol group which would yield 
formaldehyde on periodate oxidation. The structure of the 
intermediate would therefore appear to be 4-deoxy-5-keto-
galacturonic acid. However, such a structure is not in accord 
with the observation that cleavage of the Intermediate by 
periodate occurred more rapidly than thet of 2-keto—3-deoxy-
gluconic acid. 
Another structure which would be compatible with the data 
is 4-deoxy-5-keto-tagaturonic acid (Figure 12). Oxidation of 
this compound with period ate would yield /?-formylpyruvate. 
Moreover, the only other oxidation product would be glycolic 
Figure 11. The rate of -formyIpyruvate formation on periodate 
oxidation of the Intermediate compared to that of 
2-ke to-3-deoxy gluconate 
o unknown 
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Figure 12- Periodate oxidation of 4-deoxy-keto-tagaturonic 
acid and its borohydride reduction products 
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acid rather than formic acid. When the oxidation products 
were examined for glycolic acid (72) a stoichiometric quantity 
was detected. Reduction of this compound with borohydride 
would result in four isomers, all of which would yield formal­
dehyde on periodate oxidation. Formaldehyde was obtained as 
a product of periodate oxidation of the reduced intermediate• 
Finally, the rate of cleavage by period?te of this compound 
would be expected to occur even more rapidly than that of a 
compound, possessing cls-hydroxyl groups on carbons 2 and 3. 
The results clearly indicate that the intermediate is 
a 2-keto-3-deoxy acid which must possess a second keto proup 
on carbon 5. It appeared to be identical with an inter­
mediate isolated by Priess and Ashwell (73) while the present 
investigation was in progress. Co-chromatography of the two 
compounds confirmed that they are identical. Priess and 
Ashwell named the intermediate 3-deoxy-D-glycero-2,5-hexo-
diulosonic acid, but the simpler name 4-deoxy-5-keto-taga-
turonic acid (DKTA) will be used herein. 
Additional properties of the intermediate 
Treatment of the intermediate with eerie sulfate in 2N 
sulfuric acid destroyed its property to yield ^-formyl-
pyruva.te on periodate oxidation. Ceric sulfate is known to 
decarboxylate «C-keto acids (74). It reacted with o-phenyl-
enediamine to yield a ratio of optical density at 330 mfl to 
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that at 360 m/A very nearly 1.5 which Is characteristic of 
ol-keto acids (75). These two reactions are further evidence 
that the intermediate is an «(-keto acid. 
The intermediate was stable in 2K sulfuric acid at 39°C 
for at least 2 hours. In contrast, it was extremely sensitive 
to alkaline conditions. Its destruction in 0.2N sodium 
hydroxide, as followed by the periodate-thiobarbituric acid 
assay, is illustrated in Table 3. The degradation products 
were not identified. 
Table 3. Destruction of DKTA (4-deoxy-5-keto-tegaturonic 
acid) in 0.2K sodium hydroxide 
Time (minutes) oles DKTA/ml 
0 
2 
4 
6 
1.20 
0.82 
0.62 
0.43 
Evidence for another intermediate 
After the structure of the first identified intermediate 
was established as DKTA, it became apparent that this must be 
the second monosaccharide intermediate in the scheme of pectin 
metabolism. The reaction most probably proceeds from pectin 
to DKTA through a 4-deoxy-5-keto-galacturonic acid (DKGA) 
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intermediate. The conversion of DKGA to DKTA would be an 
isomerization of a 4-deoxy-5-keto-aldouronic acid to its keto 
analogue. 
DKGA had not been detected during initial studies. A 
factor which no doubt contributed to this oversight was, as 
subsequent studies showed, that the R^. values of DKGA and 
galacturonic acid, are identical in the commonly used solvent 
I. Moreover, most cell-free extracts contained hfgh levels 
of the isomera.ee, preventing at: accumulation of DKGA. 
An enzyme preparation was eventually obtained which did 
catalyze formation of DKTA but with accumulation of substan­
tial quantities of DKGA. The products of a large scale incu­
bation of the enzyme preparation with, poly gala cturonic acid 
were purified with ethanol and chroma, to graphed on Dowex-1 as 
previously described. Both DKGA and DKTA came off the resin 
as a single peak, and further attempts to separate these acids 
with Dowex-1 were not successful. Pure DKGA was obtained by 
paper chromatography using solvent I. 
Properties of DKGA 
This intermediate was cleaved by periodate to (9-formyl-
pyruvste, but in contrast to DKTA, at a rate very nearly iden­
tical to that of 2-keto-3-deoxy gluconate. Neither formalde­
hyde nor glycolic acid could be detected as additional 
periodate oxidation products. Formaldehyde was obtained 
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when DKGA reduced with borohydride was oxidized with period­
ate . These data ere consistent with a DKGA structure for the 
isolated intermediate. 
The R&a values of DKGA compered to those of DKTA in five 
solvents are given in Table 4. This compound reacted strongly 
Tac le 4. The Rç.^ values of DKGA ( 4-deoxy-5-keto-galacturonic 
acid) end DKTA (4-deoxy-5-keto-tagaturonic ecid) in 
five solvents 
So lvent 
I II III IV V 
Galecturonic acid 1.00 1.00 1.00 1.00 1.00 
DKGA 1.00 0.70 1.4-0 £.10 1.25 
DKTA 1.35 1.40 1.70 1.40 1.-35 
with silver nitrate, end thiobarbituric acid following 
periodrte oxidation. It reacted with the diphenylemine-
aniline dip to yield a light ,rey color. The intermediate 
was confirmed to be DKGA by co-chromatogrephy with an authen­
tic sample. 
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The Enzymatic Formation of DKGA 
Enzymatic assay 
A unit of enzyme was defined as that amount of enzyme 
required to yield one ft mole of DKGA under the following incu­
bation conditions. The reaction mixture, containing 11.-3 
yumoles polygalacturonic acid, l.O^mole CaClg, 50yu.moles Tris 
buffer, pH 6.7, and enzyme in a total volume of 1.0 ml, was 
incubated at 39°C for one hour. The reaction was stopped by 
boiling for 2 minutes, and DKGA was assayed by the periodate-
thiobarbituric acid method. A linear relationship between 
DKGA formation and enzyme concentration was obtained. 
Purification of the enzyme 
An approximately 2-fold purification of the enzyme was 
obtained by chromatography on DEAE-cellulose. Fifty mg of the 
lyophilized crude extract were dissolved in 0.1 M saline and 
placed on a 2x7 cm column of DEAE-cellulose which had been 
equilibrated with 0.1 M Tris buffer, pH 7.0. The column was 
washed with 25 ml 0.1 M saline and elution was made with 0.1 M 
Tris buffer, pH 7.0, containing 0.1 M saline. Nearly all the 
activity was recovered in the second bed volume of the eluate. 
Attempts to elute the enzyme with solutions of lower ionic 
strength resulted in high losses of activity and yielded 
unstable enzyme preparations. 
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A further 2-fold purification was obtained by ammonium 
sulfate precipitation. The 0.45-0.60 ammonium sulfate frac­
tion contained most of the activity. This fraction was 
dialyzed against 0.1 M saline and stored in the lyophilized 
form. 
Properties of the enzyme 
The effect of pH on the enzymatic conversion of poly-
galacturonic acid to DKGA in 0.05 M phosphate buffer is illus­
trated in Figure 1-3. A similar plot was obtained when the 
reaction was studied in tris-maleate buffer. The pH dependence 
curve possesses a broad peak, with maximal activity at about 
6.7. 
Crude enzyme preparations converted both pectin and poly-
galacturonic acid to DKGA at identical rates. These prepara­
tions were known to contain high levels of pectinesterase. 
These observations suggest that the reaction with pectin prob­
ably proceeds after de-esterification has occurred, and defi­
nitely is not enhanced by the degree of esterification. The 
enzyme probably is similar to that studied by Magel and Vaughn 
(35) but differs from that described by Albersheim and co­
workers (32) • 
The rate of DKGA formation was found to be highly de­
pendent on the degree of polymerization of the substrate 
(Figure 14). The reaction did not occur with galacturonic 
Figure 13. Effect of pH on DKGA formation 
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acid nor tagaturonic acid. As the degree of polymerization 
increased, the rate of DKGA formation first increased fairly 
rapidly and then approached the rate of formation from the 
polysaccharide. 
DKG-A formation occurred at a maximum rate at about 42°C. 
The increase in rate was very nearly linear from 10°C to 39°C, 
with a sharp decrease above 50°C (Figure 15). 
Two classes of compounds inhibited DKGA formation, namely 
ions of heavy metals and chelating agents (Table 5). Highly 
Table 5. Effect of inhibitors on the formation of 
4-deoxy-5-keto-galacturonic acid 
Inhibitor Concentration, mole Inhibition, % 
HgClg 10'3 75 
CuClg 10"3 75 
FeS04 io~3 61 
e thylenedlamine te traacetate 10~3 100 
ethylenediamlnetetraacetate icr4 30 
pyrophosphate 10-2 100 
cysteine io~3 0 
NaF HT3 0 
NaNg 10**3 0 
NaCN 10-3 0 
NaAsOg 10-3 0 
iodoacetate 10"3 0 
Figure 15. Effect of temperature on DKGA formation 
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dialyzeâ enzyme preparations were inactive. This observation 
and the known inhibition of the reaction by chelating agents 
led to the discovery that calcium ion is an enzyme activator. 
Magnesium could not replace calcium in this role. 
The Enzymatic Conversion of DKGA to DKTA 
The first isolated intermediate DKTA was readily formed 
from DKGA on incubation with cell-free extracts. Studies on 
this reaction were hindered by the difficulty to prepare pure 
DKGA. Chromatography of the two acids on Dowex-1 yielded 
elution patterns with peaks which coincided. Only small quan­
tities of DKGA could be prepared by paper chromatography. 
Moreover, attempts to develop an assay for the reaction were 
unsuccessful. One possible method was to analyze for gly-
colic acid following periodate oxidation of the reaction mix­
ture . Only DKTA would yield glycolic acid and the rate of 
conversion of DKGA to DKTA could be followed. However, the 
method required larger quantities of DKGA than were available 
and hence was not practical. 
Qualitative studies using paper chromatography indicated 
that the equi11brlum mixture consisted of a higher proportion 
of DKTA than DKGA. 
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Further Metabolism of DKTA 
The complete scheme of pectin metabolism by rumen bac­
teria is outlined in Figure 16. The intermediate DKTA is 
reduced by DPNH to a product which was identified as 2-keto-
3-deoxy-gluconic acid (KDG-) by co-chromatography with an 
authentic sample. Further steps in the metabolism were 
assumed to be identical with those known to occur in bacterial 
metabolism of uronic acids. KDG is first phosphoryleted by 
ATP to KDG-ô-P and finally cleaved to form triose phosphate 
and pyruvate. 
Figure 16. The sequence of enzymatic steps involved in the 
metabolism of pectin by rumen bacteria 
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SUMMARY 
011go-galac turo nid es with degree of polymerization as high 
as 13 could be separated by paper chromatography. Plotting 
log RGA against the degree of polymerization yielded a 
straight line with a change in slope between degrees of 
polymerization 7 and 8. 
Water-soluble pectic substances of alfalfa ere rapidly 
extracted and utilized within the bovine rumen. In con­
trast, the residual fraction is degraded only slowly. 
Bacteria were found to be of major importance in the 
utilization of pectic substances within the rumen. 
Protozoa and extra-cellular enzymes had only minor effects 
on the rste of utilization, although both readily hydro-
lyzed the polysaccharide. 
The polysaccharide pectin and oligo-galacturonides, 
including di-galacturonic acid, were utilized by the bac­
teria while the monosaccharide galacturonic acid was 
utilized only after an induction period. 
Cell-free extracts of rumen bacteria metabolized pectin 
with the resultant accumulation of 4-deoxy-5-keto-
galacturonic acid (DKGA). The reaction occurred at iden­
tical rates with both pectin and polygalacturonic acid. 
It did not occur with di-galacturonic acid but the rate 
approached that for polygalacturonic acid as the degree 
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of polymerization of higher oligo-galacturonides in­
creased . DKGA formation was inhibited by chelating 
agents and ions of heavy metals and required calcium ion. 
The intermediate DKG-A was isomerized to its keto analogue, 
4-deoxy-5-keto-tagaturonic acid (DKTA), as the next step 
in the metabolic scheme. DICTA was then reduced by DPNH 
to 2-k.eto-3-deoxy-glucon.ate (KDG-) which is phosphoryleted 
by ATP and cleaved to triose phosphate and pyruvate. The 
metabolism thus proceeds without participation of a 
galaccuronic acid intermediate. 
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